The reproductive toxicity of ethylene glycol monoethyl ether (EGEE) was evaluated in the Fertility Assessment by Continuous Breeding protocol. Both male and female CD-1 mice were given 0, 0.5, 1.0 or 2% EGEE in the drinking water and were housed as breeding pairs continuously for 14 weeks. Significant adverse effects on fertility were seen at 1 and 2% but not at 0.5%. After the continuous breeding phase of this test was completed, treated males were housed with control females and treated females with control males and fertility and reproduction were compared to the corresponding pairs of control male and control female mice. Both males and females from the 1 and 2% groups were affected. Testicular atrophy, decreased sperm motility and increased abnormal sperm were noted in the treated males, but no specific anomalies were detected in the females.
Introduction
Ethylene glycol monoethyl ether (EGEE, 2-ethoxyethanol) is a glycol ether with widely applicable solvent properties. It is used in a variety of industrial applications and in products used by consumers, including paints and cleaners. NIOSH has estimated that, between 1972 and 1974, about 400,000 workers were exposed to EGEE (1) . Previous studies have demonstrated that EGEE exposure caused testicular atrophy in males and birth defects in offspring exposed to EGEE in utero (2, 3) . No studies have been found in the published literature which describe fertility in animals after EGEE exposure.
The National Toxicology Program has developed and is validating a new reproductive toxicity testing system. This test system is designated Fertility Assessment by Continuous Breeding (FACB). It is composed of up to five interrelated tasks including: task 1, dose finding; task 2, continuous breeding; task 3, identification of the affected sex; task 4, offspring assessment; and task 5, hormone measurements. The new system provides an alternative to multigeneration studies and produces similar comprehensive reproductive toxicity data at a lower cost and in a shorter time frame.
*National Tbxicology Program, National Institute of Environmental Health Sciences, PO EGEE was studied for reproductive toxicity by using the FACB protocol. Male and female CD-1 mice were treated in task 2 with either 0, 0.5, 1.0 or 2% EGEE in the drinking water throughout the course of the study. The mice were monitored for effects on fertility, litter size, offspring survival and pup weight. After the continuous breeding portion of the study, the high dose treated males were cohabited with control females and high dose treated females with control males. The mating performance in that crossover mating portion of the study was used to determine whether males, females or both sexes were affected by the chemical exposure under the conditions of the study.
Materials and Methods

General Study Design
The flow chart for the NTP Fertility Assessment by Continuous Breeding Protocol is shown in Figure 1 .
Mice are quarantined for 2 weeks prior to task 1 During the 14-week cohabitation period and the subsequent 3-week segregation period, the number and proportion of fertile pairs and the number of litters produced per breeding pair were determined. In addition, for all litters in tasks 2 and for the one litter per pair in task 3, the number and proportion of live pups per litter, sex of live pups (males/total) per litter, and mean body weight of live pups per litter were determined. In particular, the live offspring were sexed, counted, pooled and weighed by sex; dead pups were counted, but not weighed or sexed. The pups were immediately sacrificed by decapitation, thereby allowing the pairs to breed again at postpartum estrus. Breeding pairs were defined as fertile if they produced at least one pup (dead or alive).
Following delivery of the final litter during the 3-week segregation period, the females in the 0.5% EGEE group were sacrificed and discarded. The males in this group were sacrificed and discarded at the conclusion of the 14-week cohabitation period.
Since adverse effects on fertility and reproduction were noted in the 1 and 2% EGEE groups (task 2), task 3 was performed in order to determine whether one or both sexes were affected. On the day following the 3-week segregation period (task 2), the males exposed to 2% EGEE were randomly paired with control females, and control males were randomly paired with females exposed to 2% EGEE. In addition, a third group was formed by randomly pairing control males with control females. Treatment with EGEE was discontinued during the 1-to 7-day cohabitation period. The females were checked twice daily for copulatory plugs. Upon detection of a plug or after 7 days (whichever occurred first), the male and female mice were separated, housed individually, and treatment resumed, (i.e., control The chi-square test for homogeneity was used to test for the joint equality of the proportion of fertile pairs, the proportion of females with copulatory plugs (positive matings), and the proportion of fecund females among treatment groups (4) . Pairwise comparisons were performed by using Fisher's exact test.
The number of litters and the number of live pups per litter were computed on a per fertile pair basis and then treatment group means determined. The groups were compared overall using the chi-square approximation to the Kruskal-Wallis test. Pairwise comparisons of treatment groups then were performed using the normal approximation to the Mann-Whitney U test (4) . The analysis was carried out both on male and female data combined, and separated by sex.
The number of pups born alive over the total number of pups produced by each pair was defined as the proportion of live pups. The sex of live pups was expressed as the proportion of male pups born alive out of the total number of live pups born to each fertile pair. The sex of the pups born dead was not determined. The chi-square approximation to the Kruskal-Wallis test was performed to determine whether differences existed among treatment groups for the proportion of live pups and the sex of live pups (males/total) per litter. The normal approximation to the Mann-Whitney U test was used to make pairwise comparisons (4).
The Kruskal-Wallis and Mann-Whitney U tests also were employed to test for among group and pairwise differences in average live pup weight per litter. In addition, an analysis of covariance was performed for average live pup weight per litter with treatment group as the classification variable and average number of live and dead pups per litter (task 2) or number of live and dead pups per litter (task 3) as the covariate. Leastsquares treatment group means were generated from the analysis of covariance and these were tested for pairwise equality using a one-tailed t test (5) . To control for sex of live offspring both the nonparametric and parametric analyses were performed separately for both male and female data combined.
An analysis of variance was used to determine whether the treated and combined control group body weights differed significantly. The chi-square approximation to the Kruskal-Wallis test was employed to determine whether differences existed between the treated and combined control group organ weights.
The overall comparisons made with the chi-square and F distributions were two-sided, while the pairwise comparisons made with the normal and t distributions were one-sided.
Results
No litters were found during the continuous breeding phase of this study when the males and females received 2% EGEE in the drinking water (task 2, Table  1 ). The effects on reproduction were observed at dosage levels which did not produce detectable signs of clinical toxicity or adverse body weight effects in the mice. Two of the 20 pairs which received 1% EGEE did not deliver any litters during this phase of the study. All pairs in the control and 0.5% EGEE groups had at least one litter in task 2.
There was a decrease in the mean number of litters at the 1% EGEE level ( Table 2 ). The number of live pups per litter was reduced and the proportion of pups born alive, and mean live pup weight were also significantly reduced in the 1% group compared to the controls. The animals in the 0.5% treatment group did not seem to be adversely affected by the EGEE exposure with respect to these endpoints.
The continuous breeding portion of the protocol, task 2, generates a considerable amount of data on the reproductive performance of the treated pairs, but it cannot discriminate which sex (or sexes) may be affected by the chemical exposure. Therefore task 2 is interfaced with a crossover mating study, task 3, designed to identify the sex affected by the chemical exposure. In cases where significant effects on fertility are not apparent (e.g., ethylene glycol, unpublished observations), the offspring from the treated pairs would be studied for reproductive performance in task 4.
In this particular case both the 2% and the 1% animals were tested in a crossover mating trial to determine whether the males or females or both sexes had compromised reproductive performance when matched with control animals. At 2% EGEE in the drinking water, the treated females had no fertile matings when they were cohabited with control, knownfertile male CD-1 mice, despite the fact that at least seven of the pairs had copulated during the 1-week cohabitation ( Table 3 ). The males which were treated with 2% EGEE and were cohabited with control females had significantly fewer fertile matings than the control pairs (28% as compared to 85%, respectively) (Table 3) and number of live pups per litter was slightly decreased from 6.7 in the control group to 5.4 for the litters sired by the treated males. There was no effect on the number of dead pups per litter (Table 4) . The fertility of the mice from the middle dose group (1% EGEE) was also tested by matching the treated males and females with controls for a 1-week cohabitation period. The standard protocol does not call for this extra testing of the second dose level, and generally there are not enough animals to accommodate this additional test. In this case, however, control mice were reused after the 2% EGEE crossover mating had ended, and the controls, the 1% group and 2% group mice were all necropsied after the second crossover mating study. This approach allowed us to study fertility and reproduction in the intermediate dose level. There was a decrease, though not statistically significant, in the percent fertile matings for both the treated males cohabited with control females (44%) and the treated females cohabited with control males (53%) compared to the control pairs (78%, Table 5 ). The number of live pups per litter was slightly lower in the treated female x control male group than in the control female x control male group; pup weight also seemed to be decreased in that treated group. Significant effects were not demonstrated in the mid-dose treated male x control female mating (Table 6) .
Since there were significant effects on fertility and reproduction in both treated males and females, all animals were necropsied and reproductive tract and gonadal tissues were weighed and examined for gross and histological effects. EGEE was related to profound dose-related decreases in sperm motility and increases 
Discussion
The findings from the continuous breeding phase of these investigations indicated that EGEE caused a profound effect on reproductive function in CD-1 mice both at the 1 and 2% dose levels in the drinking water. The design of the task 2 protocol is such that the complete absence of fertile matings in the breeding pairs treated with 2% EGEE could not be attributed to effects on either sex to the exclusion of the other, since both male and female mice received the same concentration of EGEE in the drinking water. Therefore, the crossover mating trial, task 3, was performed to determine whether both sexes were affected by EGEE ingestion or if one sex was significantly more susceptible to the chemical toxicity. The results of the crossover mating trial indicated that EGEE did not affect reproduction in one sex, to the exclusion of affecting the other. At 2% EGEE, the females had no fertile matings while the males had 28% fertile matings. Although it seems that the female was more susceptible to the effects of EGEE than the male under the same exposure conditions, the relative toxicity is certainly a minimal distinction where both were significantly affected by the chemical at similar dosages The effects of EGEE on female mice might be related to embryotoxicity, fetotoxicity or to a direct antifertility effect of EGEE. The teratogenicity of EGEE has been demonstrated in rats and rabbits by inhalation exposure (7) and rats after dermal exposure (3) . However, Andrew et al. (7) detected no adverse effect on fertility of female rats exposed to EGEE by inhalation for 3 weeks.
There was evidence of a drop in offspring survival, and a decrease in fertile matings was detected in the EGEE-treated females. The majority of studies on the toxicity of glycol ethers in females published to date have involved gestational exposure to the compounds (6) . Those studies clearly demonstrated the teratogenic potential of these compounds. In our investigations, the female mice that received 2% EGEE never delivered a single offspring, alive or dead. The females receiving 1% had fewer live pups per litter. The teratogenicity of EGEE may be responsible for the decreased pup survival, but the decreased fertility in the female mice could be related to gonadal, endocrine or reproductive tract toxicity. These aspects of EGEE toxicity will be addressed in later studies.
